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When one -varies the source and load reactances during 
tuning of RP and IP amplifiers oscillations usually occur. This 
is due to the feedback within the device. Sufficient energy 
is fedback at the input terminal to cause oscillations. Peedback 
also makes the input immittance a function of the load immittance 
and the output immittance a function of source immittance. The 
device may be represented as a nonunilateral active two-port 
network and a black box approach can be adopted for the analy- 
sis of these problems. 


Stem proposed a stability factor, k, in terms of the 
two-port parameters. Por the two-port to be absolutely stable 
his stability facter k >; 1. Venkateswaran proposed another 
stability faetor, s, which unlike Stem’s stability factor is 
an invariant in h-, z-, y- and g- matrix environments. Provided 
s >1, he showed that this stability factor and the maximum 
available power gain are simply related through the loop gain 
modulus. He also proposed an alignability factor, 6, which is 


aja invariant in the four matria: environments. , This factor 
specifies the maximum interaction "between ports. 

In the present work, it is shown (without evaluating 
the optimum temlnations) that conjugate matching passive 
terminations provide the maximum power gain for a given abso- 
lutely stable two-port network. These optimum terminations 
are derived based on a simple application of the well known 
image parameter theory. 

A practical method is presented for quickly computing 
the 'invariant stability factor’, optimum terminations and 
maximiM available power gain from eight simple measurements. 

A detailed study is carried out on the variation of 
port immittances for various terminating immittances at the 
opposite port. It is shown that the locus of port immittance 
is a circle for purely real terminations at the opposite port. 
Expressions are given for evaluating the load for a. given input 
immittance on this circle. Sensitivity or interaction between 
ports is also investigated. 

These results are used to obtain a design procedure 
for high Q inductive reactance from the circuits of Jindal 
and Putt a Roy. This design procedure is in terms of two-port 
admittance matrix parameters. ^ 


CHAPTER 1 


IHTRODUCTIOH 

Linear actii/e networks, in particular linear act i-ve two- 
port networks forms an important Lranch of electronics. It has 
received considerable attention with the invention of the tran- 
sistor. Even nonlinear circuits like oscillators and mixers 
have been investigated under this head as it is simpler to apply 
linear analysis to network problems. 

Investigators in the area of linear active two-port 
networks were mainly concerned with the problem of stability, 
power gain and sensitivity as they have a bearing on the perfor- 
mance of the basic (electronic) amplifier. 

Linvill^ (1955), Stem^ (1956), Bahrs^ (1957), Yenkate swaran 
IS 

and Booth Royd (I960), and several others investigated the prob- 
lem of stability and maximum available power gain of active two- 
ports. Works of Stem and Bahrs are on similar lines though 
carried out independently. 

Stem derived the conditions for the stability of two- 
ports in terms of its parameters and proposed a stability factor. 
His approach to the problem was from port immittances. Eor 
stability the port immittance should have a non negative real 
part for any passive termination at the opposite port. 


Veiilcateswaran (“^961) proposed another stability factor 
which is an in'^ariant in h-, z-, y- and g- matrix enYironments. 
He also showed that the maximum aT7ailable power gain of an 
active two-port is simply related to this 'invariant stability 
factor’. 

Investigations of linvill and others reveal that the 
two-port can deliver maximum power only when it is provided 
with conjugate matched source and load terminations. They first 
derived these terminations and later showed that they are con- 
jugate matched terminations of the active two-port. 

The problem of maximum available power gain and asso- 
ciated teiminations is investigated in Chapter 2. Without 
evaluating the port terminations, it is shown that the maximum 
power gain of an absolutely stable active two-port network is 
realisable with conjugate matching terminations. later, the 
expressions for these teiminations are obtained, based on a 
simple application of the well known image parameter theory. 

A practical method is presented in Chapter 3 for quickly 
computing Yenkate swaran ’ s invariant stability factor, optimum 
source and load terminations and maximum available power gain. 
This is an extent ion of 2awels^^ (1963) method. 

Zawels showed that the locus of the port immlttance is 
a circle for purely lossless terminations at the opposite port. 
The locus of port immittance for purely real terminations, the 
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•texminatiort i?©qiu.red ±o-x any poiulr ob the inmittance circle and 
the axis of skew symmetiy are im/estigated in Chapter 3. 

OQ 

Yenkateswaran (I 96 S) in'vestigated the maximum inter- 
action "between port immittances for small immittance changes 
and large reactance ( susceptance) changes at one of these 
ports. An 'invariant alignahility factor’ was obtained from 
the maximum interaction. 

In Chapter 3 an exact expression for the interaction 
between port immittances is obtained for small immittance 
changes at a port. The maximum interaction between ports is 
also investigated for large resistance (conductance) changes of 
terminating immittance. These interactions expressed as sensi- 
tivity measure are shown to be related to the centres and radii 
of input and output port immittance circles. 

The port immittance circle can be shifted in the complex 
plane by proper feedback and termination. This suggested a 
possible application in the analysis and design of active R-C 
circuits realising inductive reactance. 

Introduction of integrated circuits created .the prob- 
lem of realising driving point inductive reactance with active 

■Z A ' 

semiconductor devices and R-C elements. Jindal (196?) and 

A.A 

Dutta Roy ( 1964 ) reported circuits virhich can realise inductive 
reactance with high or eve# infinite Q. Analysis and design of 
these circuits is presented in Chapters 4 and 5. This is in 
terms of short circuit admittance matrix parameters. 



CHAPTER 2 


STABILITY AHD POWER GAH 


2.1 Stability: 

2.1.1 Introduction: 

A non xmilateral active two-port network can become 
unstable in the absence of extemaH feedback provided that 

1-7 

suitable teiminations are connected to its terminal pairs. 
Instability may be desirable, as in the case of oscillator 

Q 

circuits. In many other applitations, however, the network 
containing an active element is expected to be stable. 

The stability of any given network can be analysed 

• Q 

by locating its poles and zeros in the complex plane. It is 
however, often useful and simpler to formulate the question 
of stability in the following, rather general, manner. ” What 
is the range of terminating immittance values at terminal 
pair 1/pair 2 and what is the frequency range for which the 
active element exhibits instability, if suitably terminated 
at terminal pair R/pair l'? 

This question can be answered by analysing the proper- 
ties of the driving point immittences of the active two-port 
under different conditions of termination. Potential (not 
necessarily actual) instability exists' if the real component 
of the driving immittance becomes negative at some real 

■5 

frequency. 
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2.1.2 Potential Instability and Absolute Stability: 

If the internal feedback within an active two-port is 
sufficient to support oscillations that device is said to be 
potentially unstable. This statement may be clarified by 
reference to figure 2.1. If there can be found some combi- 
nation of source immittance pg and load immittance pj^ that 
will cause oscillations, the active two-port in figure 2,1 
is potentially unstable. On the otherhand, if no combina- 
tion of passive terminations can cause oscillations, the 
two-port is said to be absolutely stable. The conditions 



fig, 2.1: An active two-port with source and' load 
terminations. ■ 

for absolute stability in terms of general active two-port 
matrix parameters- are derived below. 

2.1.5 Conditions for Absolute Stability: 

Characterise the two-port represented in figure 2.1, 
by its general matrix 



( 2 . 1 ) 
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where etc. may he sets of h-, z-, y_, or g- matrix para- 
meters. pg and Pj^ are its passive source and load immittances, 
p^^ and are the driving point immittances of the input 

and output ports respectively. 

for a two-port to he absolutely stable, the input and 
output port driving point immittances must have a non-negative 
real part for all passive terminations. If this condition is 
violated at any frequency, the active two-port is potentially 
.unstable. 


The load immittance that minimizes the real part of 
^in obtained. Then the minimum value of this real part 
will be calculated, and the conditions under which this miii- 
mum is greater than zero will be determined. Similar analysis 
holds for the output port immittance where the source immittance 
Pg is varied. 


I^he input port immittance p^^^ is given by 

„ ^ „ ^12 ^21 
Pin P11 P22 ‘*'Pi 


... ( 2 . 2 ) 


Let p^2 p^^ = M + p = L /e, P22 Pp = P 2 > P11 Ps Pl’ 


Plm = ^im 
Then. 




X 


...( 2 . 3 ) 


M (p .+0 ) + h 

in “ Res-l 1 1 " T” — 2 ■ .••(2.4) 


(d 4-p )^+(cf +a 

''^ 22 ^Lf 22 L^ ^ 


(Poq'^'Pt,) - „ ' 99‘*'‘^T,) 


22 L' 


22 "L 


P i 1 


L- 




Ir 

Dr 


...(2.5) 

. . . ( 2 . 6 ) 
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P > 0 for the network to be short circuit/open circuit 
stable, therefore, in order to examine the non negative 
values of one need only consider the sign of numerator. 


numerator Nr may be rewritten as 


Ir = -{p^^ + (p 
1 


M 


22 

2 


2 P. 


11 


-)} 4- {a, + (o 


22 “ 2p. 


4p 


w 2 
11 

...(2.7) 


11 


Therefore 


(Nr + 


4P 


■) =bj + (p 


22 2P 


11 


11 


-)} +{a + (o 


n 


22 2 P, 


-)} 


11 

...( 2 . 8 ) 

after making use of Eq.n. (2.5). Eqn. (2,8) represents a 
family of concentric circles with Nr as the parameter, with 


a common centre { ( 


2 p. 


11 


“ ^22^ ’ ^ 


n 


2 P. 


11 


- } in the 


(Pj^, plane as shown in Figure 2.2(a). The radius varies 

from 0 to as Nr increases from -1 /4b^^ to The criti- 
cal circle i,e. , the circle for Er = 0 is marked in the 
figure. All the inner circles correspond to Er < 0 and the 
outer circles to Nr > 0. If Nr is to remain positive for 
any passive termination pj^ which can be represented by a 
point ( p^, i^j^) in the right half plane (as P cannot be -ve) 
then, every point in the right half plane including the 
axis must lie outside the critical circle. In other words 
the critical circle must be entirely in the left half plane. 



8 


Therefore, 



fig. 2.2 (a) family of concentric circles in (Pj^, 
plane with Ur as a parameter. 

(h) Critical circle corresponding to Nr = 0. 


Carrying cut a similar analysis for the output port 
gives the same condition. 

Hence, for the two-port to he absolutely stable for 
all 0 the following conditions should be satisfied. 

P.J., > 0 P 22 > 0 ,..(2.11) 



and 


> L + M 


m • • 


( 2 . 12 ) 
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A potentially unstable two-port may be made absolutely 
stable by neutralization ~ ^ or by loading the two-port with 

i A i R 

sufficiently large source and load conductances/resistances. ^ 
2.1.4 Stability Pactors: 

Based on the stability conditions given in Eq_ns. (2.11) 
and (2.12) Stem*'"^ defined a stability factor k as 


k = 


1 + M 


... (2.13) 


where = P-ji ^2 ^ ^22 ^1* 


Thus k > 1 for absolute stability with a given Pg and 
P^. This is a stability factor of the two-port including p^, 
and p^. An inherent stability factor k^ is defined by 


k. 


^^11 ^22 
11-+ M 


... (2.14) 


Since p^ > P ^ ^ and P 2 > P 22 


k > kj_ 


... (2.15) 


Thus a two-port network which is potentially unstable 
(kj^ ^1) niay be modified suitably so that the modified network 
is absolutely stable (k >1). The magnitude of stability 
factor k (or k^) depends upon the matrix used, and may be 
devoted by k^ where p = h, z, y, or g. The magnitudes of k^ 
are all > 1 or all = 1 or all < 1 in the regions of absolute 
stability, marginal stability^ and potential instability res- 
pectively. Except in the case of marginal stability the values 


of 




are different . 


15 



Venkateswaran defined another pair •f factors called 


invariant factor n and inherent invariant factor p . as follov■^s: 

1 


n = 


iii. 


M 


. . . (2.16) 


^22 


. .. (2.17) 


Unlike k, the invariant factor is independent of the 
matrix;: used. 

1 

Venkateswaran also define an invariant stability factor 

s by 

s = n + ■ir( 1 ) ... (2.18) 

Similarly, the inherent invariant stability factor is 
defined by 


s^ = •+ f( n ^ _ 1 ) . ( 2 .. 19 ) ! 

" i 

ior absolute stability of original and modified network | 

' i 

respectively, 

> 1 ... ( 2 . 20 ) 

and s > 1 ...(2.21) 

, . ' ■ ■ ■ ■ ' ■ ■ ' ■ ■ ■ ■ ■ : ) ■' ■ '■ 

As s^ (or s) is function of (or p ) alone, it is also | 
independent of the rnairix used. The stability factor s^ or s is simp 
rclatcdtc IIAG (the maximum available power gain) of an absolutely 
stable two-port network. The IVIAG- is considered in the following 


sections. 



1 1 


2.2 P p we r Ga ig_:_ 

2.2.1 Introduction; 

In an active two-port model (represented in I’igure 2.3) 
which has infinite or zero input immittance, the amplification 
(ratio of output voltage or current to input voltage or current) 
is a very useful measure of performance. I'his is true, for exam- 
ple, in many vacuum tube circuits. However, for two-port networks 
which require power at the input port, as transistors do, it is 

frequently much more significant to measure performance in terms 

1 R 

of the flow of power in the circuit. 

The povv'er gain of an active two-port may he specified in 
many different ways, depending on operating conditions and the 
purpose for which the gain expression is derived. Three types of 
power gain expressions are commonly used. They are namely power 
gain Grp, transducer power gain G-j, and available power gain 
These may be defined and expressed in terms of general matrix 
parameters with the help of figure 2.5."^^ 
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Power gain G-p 


Power supplied to the load 
Power in to the two-port 


p 

I2. 

P. 

i 


:P21 , 2 Pl 




Transducer power gain 'Gp = 


in 

Power deli'vered to the load 


( 2 . 22 ) 

P 


Power available from the source 


' av£ 


^ I P21 1 ^ ^ S ^ 1 

1p-,P2 - Pi2P2i1^ 


... (2,23) 


Power available at the output port Igv ■ 

Available power gain G-^ = — — 

Power available from the source "ava 



(p^Pgp - P 


S 

igPji) p(} 


.. . (2.24) 


where Re stands for real part, p* is the conjugate of p^. 

In general, there are no simple relationships among Gp, 

G-ji and Gr^ because of the nature of their definitions. However, 
one simple relationship exists between G-p, G^ and namely, 

('Jp'max = (®tW “ PPo^iaed that this maxi- ; 

mum available power gain is finite; i.e., the two-port is abso- | 

19 [ 

lately stable. Thus the maximum available power gain is unique 
and an important property of a two-port. Hence, it is of interest ' 
to find the conditions to be satisfied and the optimum termina- 
tions for maximum ava.ilable power gain. i 
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2.2.2 Maximum Available Power Gain: 

To find the maximum available power gain and optimum 
terminations one may use any one of the following alt emafive 
methods : 

(1) Maximize Gp with respect to the real and imaginary parts 
of the load immittence; then select the source impedence to 
conjugate match the input port terminated with (Pp,)gp-f;* 

(2) Maximize Gp Y\?ith respect to real and imaginary parts of the 
the source and load immittances. 

(3) Maximize G-^ with respect to the real and imaginary parts 
of the source immittance, then select the load impedence to con- 
jugate match the output port terminated vuth (P 3 )Qp-t;* 

7 1 R-.P 1 

Several authors'’ studied the problem of maximum 

available power gain and optimum terminations required. The app- 
roach given below is simpler and probably more revealing than the 

21 

methods available elsewhere. 

2.2.3 Types of Terminations for Maximum Available Power Gain; 

The expression for transducer power gain Gp, of Eqn.(2.23) 
is rewritten below for convenience. 

e . fl; 

|PlP2 - Pl2P2tl^ 

^ in the expression for the transducer 

power gain can be rewritten as 
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JDr = ( P^P 2 - „ M)2 + ^ 2 \ ~ *** ^2.25) 

It can be observed that only the denominator contains cr^ and c^g* 
Hence for a given and Pg, we can maximize the power gain by 
minimizing the denominator. 

Differentiate the denominator with respect to and 
and equate each differential coefficient to zero for maxima or 
minima of Dy^ to get'^^’"*^ 


fi 

Pi 


Zl 

P 2 




pj CT g P 2 1 

P 1 P 2 ■ ^ 1^2 




or 


P-\ P 2 ^ + (p^p 2 '*'M)X -h = 0 

I 

22 


These conditions ensure that 


= ^in ^5 = 0 and = 0 


... (2.26) 
... (2.27) 

... (2.28) 


where p 


1 


P 1 - 


^12 ^21 . 

—— = P + D cr 5 

P 2 P1 P1 


.. (2.29) 


P12 P21 

?P2 = 52 - -- pp = Pp^ 3 Pp^. 


Hence lor minimizing , the denominator or maximizing the power gain, 
the imaginary part of the 'total port immittance' must vanish at 
each port. This is true for all values of P^ and P^. 

The power gain expression can be rewritten 


G 


T 


4 1p 2'1 I Pg Pp 


^ |2 I ^ 12^21 I ^ 

P2 I 1pi - — iT™ 1 


... (2.30) 
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Yi'itb reactances tuned out at tbe ports, power gain 


since 


G'lji - 


Pi 


‘4' P n ^ I P c P 


'21 


S "L 


1 2 2 

IPal 


or = 


'21 


‘’S 


P . + 

in 


Pi 

P 


IP2I Pin ^^in^ Ps> 


( 2 . 31 ) 


s • 


The factor 


"to Ps 
•^"to "s)' 


in the above 


expression has a max i mum value of unity when p. = p ^ so that 

in u 


this maximum power gain. 


G-„v 


'21 


( 2 . 52 ) 


P. 

in 


n 


can be maximized further with respect to Pj^ and to get 
the maximum available power gain. Similarly, it can be shown 
that power gain is a maximum for p^^^ = p^^ to get G^ . which 
can be maximised further with respect to Pg and ^3 "to get the 
same maximum available power gain as above. To realise this 
unique maximum ava,ilable power gain, the conditions 


PS - and Pj, = Pout (2.33) 

should be simultaneously satisfied in addition to the stipula- 
tion = cr^ = 0. 

Pf P2 

Hence, for the maximum available power gain the following 

21 

four conditions Should be. .satisfied: ^ 

• ^ "^ in* "" " Pout V "" Pin Pi ^out (2-34) 

Clearly these four stipulations ensure conjugate matching ter- 
minations for the given active two-pont network and realise its 
maximum available power gain. 
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2.2.4 Optlm-um TexmlnationB and Maximum A'vaila'ble Power Gain: 


It is now established that conjugate matching terminations 
give the maximum awailahle power gain for the active two-port 
network. Expressions for these terminations will be derived 
based on the well known image parameter theoi^.^^’^^ 

Consider a device network with a general matrix [p] . Add 
a lossless source immittance and lossless load immittance 3 
arid j respectively to produce a modified network as in figure 
2.4. Ihis modified network is representable by its general matrix 



P 

P 


11 

Pl2 

21 

^22 


(2.35) 


25 

Let its image matching terminations be real i.e. Pq^ = and 
Po 2 *^02* Hence, for this modified network, image matching and 
conjugate matching terminations are identical. Terminations j ffr 

O # 

and 3 must be such as to make the two image immittances purely 
real. Thus o = =0 for the modified network with 

Pi P2 

source and load terminations, P^^ ^01 ” S ^02 ~ ^ 02 

= respectively. Therefore, for the original device network, 
pg + jOg and + jOj^ are conjugate matching immittances. 

25 

for the device network 

501 = (5l1 522 - 5 i 2 521>j 

502 “ ^22 " 5^2 52i)^ 


and 


•. « • 


( 2 . 36 ) 
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I'or the modified network 


P 


01 


and 


P 


02 



^(P-,^+Dcts)(P22-3^L>-Pi2 ^ 21 ^ 

... ( 2 . 37 ) 



Modified Network 


Pig. 2 . 4 : 'Device Network' modified hy reactive paddings such 
that the 'modified network' has purely real image 
matching parameters. 

Phase angle of Pq^ = (0^ - ©2 aud phase angle of 

P02 = (op “ 9-1 03)/2 where 01^, ©2 and 0^ refer to the phase angle 

of (p-].| + icjg), (P22 + 1^) and {(p^^ + jOg) (P22 3 0j^)-p^2 '^2V 

respectively. 

0 ^ - 02 + 63 = ©2 - S>( + = 0 ... ( 2 , 38 ) 
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as Pq^ and are constrained to be real. Hence 
= 02 and = 0. 

Prom these conditions it simply follows that 


( 2 , 39 ) 



^11 

^22 '*'^1 


P1I 

P22 

and 

^11 ^ ^ 22 ^ 

P22 ^°11 

or 

2Pii ( ^22 ^ I^ 

0 

II 

1 

This 

gives 



( 2 . 40 ) 




N 




^ 11 2 P22 ’ °1 - " *^22 2 p 


11 


... ( 2 . 41 ) 


... ( 2 . 42 ) 




and + 3ag) (P 22 + Da^) - P^. ^21 = ^11^22 " ^ 7 ?‘i7p22 

... ( 2 . 43 ) 


Hence P 




01 


r / PVi — . 

1^01 “'’s' Pn '■ -g"-' 

22 P22 




.. . (2.44) 


Similarly, 


^02 ~ ^02 - ^(r]f - 1 ) 


( 2 . 4 - 5 ) 


1 6 

where I = |Pi2 ^2ll 'inherent invariant factor’ 

2 p j . p Qp — Ifl 

p. = ' ‘ ' as defined in Eqn* (2.17). 


The mpy iTTimn available power gain of an active two-poif 
network Is obtainable from the above conjugate matching termi- 
nations. It is given by 


^21 

Pl2 


1 


19 


M&.Gr 


Ti^ +f (n^ _ 1) 


_1 

s r 
1 



. . . ( 2 . 46 ) 


where is the 'inherent invariant stahility factor’ defined in 
Eqn. (2.19). 


Having realised the Importance of stahility factor and 
its relation to power gain one would like to evaluate these 
important factors for a given two-port. One obvious method, 
of course, is to compute these quantities from the matrix para- 
meters of the two-port. But the measurement of transfer parameters 
require special techniques or bridges. An easier and simpler 
method is available which depends upon the driving point immittance 
of the two-ports. This can be expected as the stability condi- 
tions are derived from the driving point immittances. 

The driving point immittances are considered in the next 


chapter. 


CHAPTER 3 


PORT BMITTAHCBS OP ACTIVE TWO-PORTS 

3.1 Introduction: 

locus of driving point inmittance of input/output port of 

25-27 

an active two-port network is a circle for lossless ' or purely 

real (including -ve values) terminations. Termination required 

for any point on the circle can be obtained analytically or geo- 

28 

metrically from the circle. 

The driving point immittance circles are useful tools in 

analysing active two-ports. The maximum modulus of sensitivity 

of the total port immittance to small immittance changes and 

29 

large lossless immittance changes is an invariant. The maximum 
modulus of sensitivity of the total port immittance to large 
purely real (including -ve values) immittance changes is also 
an invariant. The modulus of sensitivity is simply related to 
the coordinates of centres and radii of the immittance circles. 

16 

Invariant factor, q , optimum real and imaginary parts 

of source and load immittances can be quickly computed from these 

circles^'^. Practical method of Cripps and Slatter^’^ can be adopted 

.^ 21 . 

for the measurement of 'measure of non-reciprocity’, - — • , and 

^12 : 

the maximum available power gain can be computed from the re la- 
16 i Pp 1 , 

tion MilG = — • Difficulties in the measurement of four- 

: ® ^12 

pole parameters with short and/or open circuits and tedious 
calculations are avoided by this. 
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3,2 ImmittauQce Circles; 

3.2.1 Driving ■point lnmittance of an Active Two-Tort Terminated 
in Lossless Zimnittance: 


Consider an active two-port terminated In a lossless 
iimnittance, j a at its output-port. Input port immittance 
of this two-port in terms of the general matrix parameters des- 
cribed In Eqn. (2.1) is given by 


^>10 = P 


^12 ^21 
11 " P22 


yielding 

P 


M 


xn 


- P 11 - 


P 22 


+ DC, 


? 2 

p ^ 4* 0 ^ 

22 2 


Dp 


and 


a . = a . . 

in 11 


22 


MC, 


p2 4. a 2 
22 2 


where ^2 ^22 **" *^1 *^11’ 11 defined hy 

Eqn. (2.3), 


(3,1) 


(3.2) 

(3.3) 


Eliminate from Eqns. (3.2) and (3.3) to obtain 

(Pjjj - ___ 

where a, = ^11 - 2 ?^ . ‘‘’l = “11 - 2^2 ^ 

... (3.5) 

Ihus the locus of input port immittance for lossless load 
texminat ions is a circle with centre at (a^ , b |) and radius 
Ibis is illustrated in Eigure 3.1. 


22 


Similarly, the locus of output-pert immittance, p^^^, 
for lossless source teiminations, 3 ^ g, is a circle defined by 


( P 


out 


2 2 

2 ^ ' '' ^out “ ^2^ " ^2 


where a. 


a^) + ( a 

^22 


i'll 

2 P 


= Poo - -w— , b. =a 


11 


22 


2P’ 


and Cp — p — — 
11 ^ 


(5,6) 


(3,7) 



fig. 3.1: Locus of p... for reacti've terrainations, 

at output-port. 

'Ihese circles can he drawn by computing ay, b^ and c^ or 
a 2 >* hp and Cp from the matrix parameters of the two-port. Each 
circle can also be dravm from three measurements at one port 
with lossless terminations at opposite port.^'^ 
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These circles hereafter wotild be referred as input reactance 
circle and output reactance circle, for convenience. 

3.2.2 Iriving point l.mmittance of an Active Two-Port Term'inated 
in ciPeal Immittance: 


Consider the case where the two-port is terminated in a 
purely real (+ve or -ve) immittance, at its output port. 


Then p . 


in 


_ ^12 ^21 
P22'^ PL 


... ( 3 . 8 ) 


eliminating = ^22 from 

the relation 


P. and ^ . one can obtain 
in in 




N 


where A.| - P^^ _ “ ^11 ■*' 2022 ~ ^^22 


... ( 3 . 9 ) 

. ( 5 . 10 ) 


Thus the locus of input port immittance for purely real 
terminations is also a circle with centre at (A^, B^) and radius 

Cr . 

Similarly, the locus of output port immittance for purely 
real source terminations is a circle defined by 


(p„,.4. - A,)2 + (o . - B,)2 = 0,2 


'out ” '*■2^ (°out " "2- 


M 


... (3.11) 
( 3 . 12 ) 


where A^ P 22 - ®2 " '^22 2a^“ ^2 ~ 2 ^^^ 

These circles hereafter would be referred as input resis- 
tance circle and output resistance circle, for convenience. 
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3, 3 Output Port Termination for a Gi''7en Input Port Xmmittance : 

The termination required at the output/input port for any 
immittance point on the input /output reactance/resistance circle 

can be evaluated analytically or geometrically. The procedure is 

# 

out lined in the following sections. 

3.3.1 Termination "Required at Output-Port for any Point on the 
Input "Reactance Circle: 


Knowing ^ it is possible to evaluate the output 
28 

termination for any given point ^in^ circle of 

Figure 3.1. Shift ihe origin, 0, to 0* whose coordinates are 

and and draw a new set of axes parallel to the old set. Call 

^ * 

the new coordinates and This is illustrated by Figure 

! 

3.2. The new coordinates of the centre, C , of this circle are 
-M/ 2 P 22 a^d -N/ 2 p 22 * expected point (P^-|, coorr'i- 

nates or new origin lies on the circle. 



(3. 13) 

(3.14) 

(3.15) 
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The angles 8 and ^ are with reference to axis and are 

indicated in Figure 3.2. 

t r 

It is possible to evaluate ^7 point on this 

circle, provided and or the new origin 0 * knovn. 'S/M 

can be evaluated either from the four-pole parameters of the 

! 

two-port or by measuring P^ for three convenient lossless ter- 
minations, output-port including = o or In the 

latter case, a circle can be circumscribed through these three 
points including 0 and the coordinates of the centre C’ deter- 
mined in terms of the new axes. These are -M/ 2 P 22 and -N/2P22. 
Thus W/M and hence ^ 2/^22 calculated through Eqn. (3.14). 

It is also possible to evaluate p^^ geometrically. Let 
X be any point on the circle of Figure 3.2 and YO’ a diameter 
through O'. Then with proper sign a 2/^22 ®Q'aals XY/O'X. 

The terminations for certain important points on this 
circle - redrawn in Fig. 3.3 - are tabulated together with their 
significance in Table 3.1. 

Similar analysis can be carried out on the output reac- 
tance circle to obtain the input source termination required. 

3.3.2 Termination T?eauired at Output-Port for any Point on the 
Input Resistance Circle : 

The termination required at output-port for any point 
on the input r-esistance circle can be evaluated from the equation 

'■ ' P" n" 

= tan (0 - 0 ) ... (3.16) 

22 r 






O -P H -P 
rt O' Cb' ' 

S ^ <.5 P W 

o O -H ‘Pi 
P4 O O Q 




28 


where 


tar e = 


■50 


M 


22 


1 


20 


22 


and tan 0 = 


in 

Pin 


... (3.17) 


This equation can he derived from and 0^ of ' 
expression given in Eqn. 3.8. Pg can he evaluated analytically 
or geometrically hy adopting the method explained in the above 
section. Table 3.2 summarizes the terminations required for 
certain important points on the circle. 


3.4 Axis of Skew Symmetry; 

In Figure 3.2 "'varies from 0 to °° as we travel from 

Y to 0' on the circumference of the circle. Point Y corres.- 

ponds to tuning out of the port ( ^2 “ • Similarly, point Of 

corresponds to short circuit for h- and y- ma.trix environment. 

For g- and z-matrix environment the situation is reversed. Draw 

a line PQ perpendicular to YO’ and passing through the centre O' 

as in Figure 3.2. For this case, < 3 ^/ p^g at point P equals +1 

and at point Q equals -1. It can he ^verified that the values of 

020 P 22 pair of points, one above and the other below the 

line YO’ are equal in magnitude but opposite in sign. Hence the 

28 

diameter YO' happens to be the axis of skew symmetry with res- 
pect to phase of pg • 

Axis of skew symmetry can simila.rly be drawn for rests- : 
tance circle. Point Y in this case, however,' corresponds to 
tuning out of the port resistivtly (P ^ = 


0 ) 
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3.5 Sensitivity of Port Ijiraiittaiices: 

3 . 5.1 Sensitivity to Small Immittance Changes: 


le fine sensitivity^^, total input port immittance. 


Pp 5 for small Immittance changes in the total output self-immi- 


ttance, p^, by 

£ (In ) 

T.- _ 


AP 


P 


1 


“12 


. Jl 

6 (In p^) ^p^ AP 2 

Similerly define sensitivity, '^ 2 '\ total output pert 


(5.18) 


immittance, p , for small immittance changes in the total input 
^2 


self immittance p^. 

Prom the above definitions 

P12 P21 


K^2 = ^2^ = K 


(3.19) 


P^ P2 - P |2 P2I 

Thus the sensitivity, K, is an invariant for an inter- j 
change of input and output ports. 

The modulus of sensitivity, jKj,ts given by the expression 

■ 2 


jK{ =- 


rc 


-)-(■ 


>) 


) -^^(■ 


1 ^ V L 

This expression can be rewritten as 

2 


-)+(- 


(3.2 


K = 



al B. 2 A. b. 2 
(^ - n) + + yi) 

>1 >1 ■ 


( 3 . 21 ) 


¥\^here a(| ,A’^,b'^ ,3^ are the coordinates of centres and c,j,Ci. radii o 
circles (including ,Pg,r f^) .ddfin^^ equations similar to Eqns. (3i 
and (5.10). 1)^ : S 
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It is interesting to note that the factors 


2P^P2-1 


2P 1^2+1 




and 


9P Cf _ rj 
^21^' 


are invariant in h-, z-, y- and g- matrix environments. 

2P.P.+M 2P P,+M 

i.e. 1 --V— - I = 1 1 etc. ... (3.22) 


JJ > JuJ 

ii y 

I'rom Eqn. (3.19), the maximum modulus of sensitivity 


can he written as 

|K| 


29 


'max 


... (3.23) 


|Pl P2 - P-12 P2llmin 
since changes in p^, pj^ alter p^, P 2 hut not the product p ^2 p 2 i 
Prcm Eqn. (2.29) 


P 1 P 2 - Pl2P2ll . > IP 2 I 


min 


> P 


min min 


2 min 


(3.24) 


mm 


The minimum of |p 2 | and the minimum of [p^ | are usually 
obtained for different values of o^, the imaginary part ef pg. 
I'or the special case where these values coincide, the equality 
sign holds in statement (3.24). Similarly for the minimum of 
|p.| and the minimum of jp |. 

The minimum of jp 2 | equals P 2 and occurs when Og l^anisheE 

29 

The minimum modulus of p^ occurs when 


^ ^ 

1 “ 2p; 


Thus 


^2 li+M 


2P^p2 - K 


^1 min 


2p, 


(3.25) 


(3.26) 
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Hence , 


hicl-x 


6 ” ’ 


?/here 6 = 


(3.27) 


' n and hence 6 is an in-variant in matrix en-vironments 
or for immittance substitution, under arbitrary lossless termi- 
nations and for interchange of input and output ports. 

3.5.2 Sensitivity Modulus Maximum; 


let the square of the modulus of the determinant, p^P2-P-^2^ 


he denoted by 1. Thus 

I) = (P^P^ - _ m)2 + ( 9^2 (5*28) 

D is a maximum or minimum with respect to the variables and Pg 
when Eqn.- ,.( 2,27 )■' is satisfied." ' ■ . . ::7. 


If P-j2P21 I® positive M = 1 and K = 0. Then, the 

only real root, of Eq.n>. ;(2.27) equals zero .2 -Then p^ Pp 

both vanish. Hence Eqn. (3.28) gives 


from Eqs. (3.19), (3.27) and (3.29) 


|K| 


max 



because M = 1. 


J. 

6 


. .. (3.29) 


... (3.30) 


The terminations c ^ and a ^ this case can also be 
obtained from Bqn. (3. 25) by substituting zero for H. 

So far, we have considered the sensitivity for small 
immittance changes only. It is now proposed to investigate 
the sensitivity for large reactive changes. 


T\n 
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3.5.3 SensitiT^ity to L arge Eeacti-ve Q-hanges: 


Define an input sensiti-vity , large reactive 

29 


changes at output port hy 

! 


ni2 - 


'1 


■P 


1 


^ P. 


’1 


Po - Pc 


P- 


l2 

AP2’ 


.. (3.31)^ 


Here, the input port immittance has an initial value p and a 

P1 

final value p due to a large reactive change in the output self : 
PI 

immittance from P 2 to P 2 . Thus Eqns. (3.18) and (3.31) are similar 


in fnrm hut not in detail; changes in Eqn. (3.18) refer to small 
immittancesj whereas” in Eqn. (3.31) large reactive changes are 
considered. 


Similarly an output sensitivity, ^ 2 -^) fo^ large reactive 

changes at input port can he defihed. 

L 


Wow 


K. 


12' max 


... (3.32: 


;P2 Pt 


' P.. ' - 

^1 min 

is satisfied. 


^1 min 

is given hy Eqn. (3.26) and occurs when condition (3.25) | 


pi . occurs when the final value of the imagi- 
^2 min 


nary part of P 2 , i.e. 02 '’ vanishes. Thus, as in Eqn. (5.25), 
the initial value of 02 "b© Hp 2 /(D'iif) its final value 


^ 2 zero so that 


21 




"12tinax 20^9 2 - . 5 

Since 6 is reciprocal, it follows that 


(3-33 


^12 1 max ^21 j max « ^ * max 
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Thus, the maximum modulus of the sensitivity of the 
total port immittance to large reactive changes of the total 
self immittance at the opposite port equals 5. 

Proceeding on similar lines it is possible to show that 
the maximum modulus of sensitivity, say jK”( , for large purely 
real (including -ve values) immittance variation is given by 


K 


!t 


max 




(5.54) 


where y = 


20 + M 


3.6 Measurement of Optimum Terminations and MAG: 


The valuer of n and optimum terminations are simply 
related to the coordinates of centres and radii of input and 
output reactance circles. 


Prom the expressions of a^, b^, c^, a 2 , b^, C 2 and n ^ 
it can easily be shown that . 


a,r 


^i = 


(3.55) 


The optimum source and load terminations are given by 
ag = - (o.-,, - 

f’s = ^ - =1) 

... (3.36) 

®I, “ ■ ^“^22 ■ = - bg 

and ~ — ”1) ~ ^2^ 
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En owing 


, I/IAG- can be computed from the relation 


MG = 


+f(nl - 1 ) 


Eor finding tbe measure of non-reciprocity the experimen- 
tal method of Cripps and Slatter^*^ can be adopted. If the two- 
port is terminated by convenient equal immittances, Pg, Pj, in 
3-environment and modulii of forv/ard and reverse operating 
voltage gains, g^^, g^^ taJcen, 

l^l =1^ ••• (3-37) 


27 

Thus from eight simple measurements ' , three at the 
input port and three at the output port for plotting the cir- 
cles and tv/o more for evaluating the measure of non^reciprocity 
it is possible to evaluate n. or s. , optimum p^, cr_, p_, o 


measure of non-reciprocity 


and MG 


The port immitt an ce circle may lie in any part of the 


complex plane depending on the parameters of the two-port. By 
choosing proper feed back network and teminating immittance 
it is possible to realise the required driving point immittance. 


Circuits for simulating inductance using transistor(g) 
and R-C elements are presented in the following chapters. Port 
immittance circles are used in the design of these circuits. 



CHJLPTER lY 


mUCTMCE SIMUIiATION - I 

4.1 Introduction; 

Tbe need of a high Q Inductance for use in integrated 
circuits is recognised for some time. Aside from the endeavours 
to have an inductance in the form of an evaporated film, there 
have been many attempts to realise them by the use of active 
semiconductor devices. The later may be classified under two 

31-36 

categories. One makes use of the reactance transistor circuit 
and the other the inductive transistor circuit , ^ 

31-33 

The basic reactance transistor circuit can realise 

•Z £ 

large values of inductance but only of low Q. Jindal has 
stated that a reactance transistor circuit can give inductive 
reactance with even infinite Q, when a resistance is added in 
series with base of the transistor. 

In this chapter the reactance transistor circuit is ana- 
lysed and a design pro cedtire presented for realising the required 
inductance with maximum Q at the operating frequency. The ana- 
lysis and design of Jindal's circuit for realising required 

' ' ■■■ f 

inductance with infinite ’Q* is also presented. Examples based 
on a particular transistor are included. The design procedures 
are in terms of short circuit admittance matrix parameters and 
make use of the reactance circle. 
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Inductive transistor circuits are considered in the 
following chapter. 

4.2 The Basic Reactance Transistor Circuit; 

4.2.1 Basic Theory; 

The basic reactance transistor circuit alongwith its 
equivalent circuit^-^ is shovm in i'ig. 4.1. The components 
and Cg are external to transistor. The base voltage of the tran- 
sistor in Big. 4.1(a) lags the collector voltage by almost 90°, 
if >> l/wG^ and the input impedence of the transistor is 
>> I/WC 2 . The resulting collector current which is in phase', 
with the base voltage lags the collector voltage by nearly 90°. 
Consequently, the circuit appears inductive to an external source. 
T^jis can be established by analysing the equivalent circuit given 
in Big. 4. 1 (b) . 

4.2.2 Analysis; 

In 5'ig. 4.1(b) C is the collector diode capacitance but 
can include external collector base capacitance if the base 
spreading resistance, r-i^t << If the collector to base 

shunt diode conductance, g^, is comparable to l/R^, it should 
be added to l/R^. Neglecting excess phase, the frequency res- 
ponse of the transistor can be approximated by the single pole 
model. This is dene by letting 1/r^ = « p in the equivalent 

circuit of ^'ig. 4. 1 (b) , where w ^ is the common emitter current 
gain cut-off frequency. The input resistance, r. — rV(1-a.), 
where r_ is the emitter resistance and a. is the common base low 
frequency current gain. 
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If we now let ‘^,-,= (1 - a„) “ , then straight forward 

p 0^ a 

small signal analysis of the equivalent circuit of Fig. 4. 1(h) 
33 

yields an expression for the eqiiivalent series reactance 
X = 




If 




(“o 


0) 


V 


0 3 

Po "^c 


Ui 


-r (-? + “) 

“c “c 


“c = srV - 

5 c 


and 


0) 


a 


— + r Op 

“a ® ^ 


(4.1) 


The equivalent series resistance of the circuit is 


R 




^03 


a 


a_ B.-7 R. 

r + --2 — :L- -f. 0)^ ( . 

e ^ 8 ^ ^ ^ 03^2 ' 03 l 03 


rz Rv 

+ .._o — 3 


a: 


a 


03 


(4.2) 


From equation (4.1) we see that the circuit is certainly 


0) 


Because the minimum value 0^ i£ 


inductive if >> 

^0 c a 

fixed hy the device, one must either make R^ sm.all or Op large 
in order to obtain inductance. 


4.2.3 Design Procedure: 


The analysis of the circuit given above is very useful 
in understanding the circuit operation. But it is not useful 
in developing a design procedure. In many linear integrated 
circuit problems one is required to realise a specified valtie 
of inductance with a specified Q factor at an operating fre- 
quency. Hence, a design procedure in terms of the transistor 
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parameters at tbe operating frequency is developed below. The 
design developed is for maximum Q as the Q can always be lowered 
by shunting the inductance with a proper value of resistance. 


The transistor in the common emitter configuration of 
fig. 4.1(a) can be represented by its admittance matrix 

. The same with included, can be represented 
by a modified a,dmittance matrix 


m 

7 

V -u 


7 


1 1 


^21 


^12 


22 



Yll 

712 

^21 

722 


where 


(4.5) 


let 


ana 


^11 

= 7^^ 

4- 

1 


^12 = 

712 - 

1 


1 



3 

1 


t 


3 

(4.4) 

721 

= 721 

— - 

R3 


722 = 

722 + 



^11 

§11 + 


’11 

etc, 

7^1 = 


3 b etc. 

(4.5) 

^12 

721 = 

M 

+ 

P = 

I* Zi 


• • * 

(4.6) 

7^2 

721 = 

m' 

+ 

P’ = 

I’Zi’ 



(4.7) 


The locus of output admittance for susceptive input 
termination is a circle governed by the equation 


(So - 822 


2g 


) + (tj, - t 


22 


+ 


' 2 

J_: ^ _ 


11 


2g 


) = ( 


1 




11 


’11 


(4.8) 


This follows from Eqn . (3.6). 


¥e are interested in realising an output port susceptance, 

. for a given bQ Eqn. (4.8) 


jbo , with maximum Q or minimum g^ 
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can be rearranged in the form 


A gQ + B + C = 0 


yielding 


= -B ± f(B -UC) 


2A 


(4.9) 

... (4.10) 

... (4.11) 

... ( 4 . 12 ) 

C - 41 "" ^11 ^'-^'42 (4-^5) 

Brom Eqns. (4.4) to (4.7) 


where 


A = g^^ 

B = M'-2g’^g22 


§11 


§11 + §3 


§ 


22 


= §22 S- 


’=11 = ”11 


1^2 *^22 


(4.14) 


M' = M - g^ (g^2 + S 21 ) + §3 

n' = N - (1^2 ^21^ S3 

where g^ = I/R 3 . 

A or g^^ ( = g^^ + 1/R^) is always positive for a short circuit 
stable network. Hence, for evaluating g^ minimum only the 
expression with -ve sign on the right hand side of Eqn, (4.10) 
need be considered. 

Bor g to be minimum or maximum the differential of 

'O' '' ' '"'O' 

w.r.t. R^, the only variable in the expression, for g^, should 
be zero. This differentiation yields a sixth degree equation 
in R^. This equation can be solved for positive real roots. 
The value of R^ giving the minimum value of should be 



selected from these roots. Value of C 2 coriresponding to this 
minimum and specified can now he calculated from the 
equation 

^ ^ (So-ggg) h’ m' 

Where hg = WC 2 .: ... (4.15) 

This follows from Eqn. (3.14). 

Thus knowing the two-port parameters of the transistor_ 
it is possible to select the values of and C 2 to realise the 
required inductance with maximum ’Q'. Even the maximum Q rea- 
lisable with this circuit is very low. This low ‘Q’ inductances, 
however, is useful in the design of wide band amplifiers, 

4.2.4 Example: 

A transistor type AE 115 was chosen at I = 1 mA, 

= -6 Y and T = 300° 'K. Its common-emitter short circuited 
admittance parameters were measured at 5 MHz on an admittance 
bridge. Measured admittance parameters were as follows. 


^11 

= 0.4 mS 

and 

+ 65.0 pE 

yi2 

= -2.5 pE 



^21 

= 35.4 mS 

and 

-169.4 pE 

and y 22 

= 0.01 mS 

and 

+ 3.0 pE. 


The minimum value of inductance realised (for positive 
and Cg) with this transistor at 5 MHz was 2 The maximum 

Q obtainable is 3.06. The values of inductance, values of Rj 
and 02* and the corresponding maximum Q realisable are summarized 
in Table 4.1. 
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Tatle 4. 1 

Values of and C 2 to realise given inductance with 

maximum Q . 


Inductance ( f^H) 

R^ (Ohms) 

C 2 (PJ') 

Maximum 

2. 

318 

62 

1.15 

3 

605 

81 

2.07 

4 

801 

93 

2.53 

5 

968 

103 

2.80 

6 

1118 

113 

2.96 

7 

1254 

122 

3.03 

8 

1380 

130 

3.06 

9 

1498 

138 

3.05 

10 

1609 

145 

3.02 


4.3 Modified Reactance Transistor Circuit: 

4 , 3.1 Theory: 

Jindal^'^ has stated that a circuit configuration represented 
in Rig. 4.2(a) can realise inductance with high or even infinite 
Q, Jindal's circuit can . :he rearranged as shown in Rig. 4. 2(1). 

It can he observed that Jindal’s circuit is similar to reactance 
transistor circuit of Rig. 4.1(a) with an extra resistance R-j, 
added in series with the base of the transistor. This R^ in 
conjunction with the input capacitance of the transistor ^ 
produces extra lag in the collector current. This extra lag 
in collector current produces negative resistance and thus a 
high Q inductance across the output terminals. 
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4 . 3.2 Analysis and Design: 

The transistor in the connnon-emitter config-uration of 
Dig. 4 . 2 (h) can he represented hy its admittance matrix 


" y " 


y 


11 


12 


y 


21 


^22 


The same v/ith and R^ included, can he 

represented hy a modified admittance matrix fy**] = 
where 


- If 1 ! 

y 1 1 y ^2 

^21 ^22 


y 


11 


1 + y ^^ ( R ^+ R ^) 
R ^ d + y ^^ R ^) 


d 2 


^21 ^3 - ^ - dl ^1 


^12 P-3 - ^ - ^11 ^1 
^3 (1 + y-ii ^i) 

1 +y ^ v|R^+y22^3'^^'j®-3 4 



J21 - 

R^ d+y-i-i 

> J o o 

a, (1+711 

ap 




• « » 

(4.16) 

and 

A = 7^1 

722 - ^12 ^21 = 

^ r ^ ^ i ■ • • • 

(4.17) 

let 

yii= g^-i 

+ gh^^ etc, y"^ = 

g"d etc. . . . 

(4.18) 


yi2 + 721 

- 7s ~ S s s 

■ m m m 

(4.19) 


^ 12^21 

= M + p = 1 /e 


( 4 . 20 ) 

and 

t f If 

^12 ^21 

il 

+ 

CLJ. 

11 

/& ... 

( 4 . 21 ) 


The stability based invariant factor, p , of the network 


with R. and R, is given hy 

„ It 


2 gi | g 22 - 


M 


I » 


( 4 . 22 ) 


The locus of output poirt admittance for susceptive input 
neratc 

n ’ it 

2 Sl 1 822 


or generator termination, jhg, is a circle with centre at 

'• ■■ II ^ If 

>11 °22 


M 


2 g 


II 

11 


) I ( 


2g:i hA'o - H 


2g 


ft 


) and of radius 


11 


2 o -” 

^°11 
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When ri equals unity, the output port admittance circle 
will just touch the jw axis and lie on its right. It the point 
of contact between this circle and the jco axis, the output 
port admittance, y^, will he purely imaginary, being given by 
the ordinate of the centre of this circle. Thus at the point 
of contact 


= 


3 ( 


2g 


tl 


11 ^22 


- N 


It 


2g 


11 


(4. 23) 


The Q corresponding to y^ of Eqn. (4.2,3) is infinite. The required 
input port susceptive termination, jbg, for above y^, is given by 


tl 

gl1 


»r 


m 


... (4.24) 




Using Eqns. (4.16) to (4.21), Eqn. (4.23) can be rearranged 
to express in terms, of * The algebra is tedious. The 


3; 


final result is 


Where 


R 3 = 


(A + BR^ + CR^) (1 2g^^ R^ + ly^^l^ R^ ) 

~~ ~ (D + ER^ + ER^ + &R^) 


... (4.25) 


A = b + 2b«p - 2b _ 
s 22 0 


.. (4.26) ^ 




C = 2(g,,^ Aj. - to 

B ; = K - 2g^ ,J (^22 ■ ^o^: ■ 

E = 1“®'l 1 ^ "®11 ^ ^11^22“®22^ 1 1"*" ^ i“^^o®1 1 

“(^22"^o^ 1^11 1 ^ 


... (4.28) ' 
... (4.29) 

... (A. 30) 
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■p = 


I ^1 1 1 . ^ 1^22~®22^1 1"*" ^ i~^^o^1 1 ^ ... (4.31) 


and 


^ = -2|y.]ir (§1-1 - b^jy^^l^) ... (4.32) 

WTaen the value of II^ as given by Eqns. (4.25) to (4.32) 
is substituted in n of Eqn. '(4.22) talcen as unity - for infinite 
Q - a 12th degree equation in results. This equation has 
to be solved for positive real roots, let the positive real 
roots of this equation be R.^, Rh-^ etc. Substitution of these 
values of R^ in Eqn. (4.25) gives real R^^, R^^ etc. Substitu- 
tion of R^^ and R^^ in Eqn. (4.24) gives bg^. Similarly R^^, 

^3b "^Sb* then necessary to select a, set of values 

like E-^g_j ^a’ "'^Sa that R^^ and bg^ are both positive. 

'*^Sa ~ ^ ^2a‘®'1a already positive. Only then, positive values . 
for R^ , C 2 and R^ will be obtained. There can be more than one 
set of suitable values for R^ , O 2 and R^. Any suitable set of 
values will give the desired inductance b^ with infinite Q. 


4.3.3 Example ; 

The same transistor tjrpe AP 115 described in Section 

4 . 2.4 is chosen again for realising infinite Q inductance. 

The maximum and minimum values of inductance realised 
with this transistor at 5 MSz werel^U H and ’ &y H respectively. 
The 12th degree equation in R^ yielded only two positive real 
roots R^^ and R^^ (Rih > ®-1a^ * Eqn. (4.25) 4he^ two 1 

corre sponding values and R^^ that were real and p 0 sit ive , 
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(R.^ 1 ^ < E-^g_) * Substitution in Eqn. (4.24) then gave two positive 
real values '^2b ^*^2b *^2a^ * 4-. 2 sunnnarizes 

these results obtained with the help of a digital computer. 

Values of inductance greater than 13 ^ H upto 40 ^ H 
with infinite Q were obtained by the addition of suitable values 
of capacitance between base and emitter terminals. The prob- 
lem is equivalent to changing b^^ or base capacitance of the 
transistor and the same design procedure holds good for each 
value of C^j . Table 4.3 summarizes the effect of on the 
maximum value of inductance realisable, further increa,se in 
simulated inductance is possible with higher emitter currents. 

These results are experimentally verified. Eor example, 
for inductance = 10 u H, the output port Q was too high to be 
measured and the admittance bridge gave -98 pE at 5 MEz instea.d 
of -100 pE which corresponds to 10 y H. Where tolerance of com- 
ponents makes n of network slightly less than unity, the network 
can be brought to the verge of stability by a slight change in C 2 , 
which doesnot affect inductance value. This follows from the 
property of the output port admittance circle. 
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Two suitable 

sets 

Table 4.2 

of walues for and to realise 

given l^with infinite Q 

^0 

Kla 

'=2a 

^3a 

I'll. 

.^2b 


UH 

ohms 

pE 

ohms 

ohms 

pE 

ohms 

6 

577 

163.2 

466 

744 

155.8 

392 

7 

444 

148.7 

711 

1127 

122.6 

387 

8 

422 

133.1 

923 

1394 

100.7 

437 

9 

430 

118.7 

1137 

1622 

83.9 

514 

10 

461 

104.8 

1358 

1816 

70.4 

621 

1 1 

516 

91.2 

1587 

1963 

59.3 

771 

12 

612 

77.0 

1822 

2033 

50. 1 

991 

13 

803 

61.1 

2039 

1944 

42.9 

1345 





Table 4.3 



Effect of capacitance 

on the 

value 0 f 

inductance 



% ^ 

= 1 ma. = 65 

.0 pE 


Capacitance 


Minimum 

Maximum 


4-0^ pE 


lo^H 


lio^H 


100 



6 


21 


150 



7 


30 


200 



9 


35 


250 



12 


m: 


300 



18 





CHAPTER 5 


HDUCTMCE SBMLATIOH - II 


5.1 Introduction; 

A single non avalanche transistor with a resistance in the 

*52 "57 

base can realize an inductance with low Q. This circuit 

is referred as 'inductive transistor circuit^^’^*^ in literature. 

A A 

Dutta Roy^ reported a two transistor circuit which can realize 
high or even infinite Q, inductance. In this chapter the induc- 
tive transistor circuit and Dutta Roy's circuit are analysed. A 
design procedure for Dutta Roy’s circuit is presented for realiz- 
ing required inductance with infinite Q. It is in terms of short 
circuit admittance matrix parameters. An alternative circuit 
arrangement employing reactance transistor circuit is suggested. 
An illustrative example is included. 

5.2 Inductive Transistor Circuit; 

A transistor with a grounded collector and a large base 
resistance may exhibit an inductance between emitter and gromd ' 
if operated well above p and below a- cut-off frequencies. The 
basic inductive transistor circuit alongwith its equivalent 
circuit is given in Pig. 5.1. 

^ ^ of the inductive transistor circuit 

32 

can be derived with the help of the equivalent circuit-^ given 
in I'igure 5. 1(b), If we assttme that the collector cut-off ; 
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1 


frequency 


■b -0 

off frequency we get 


, is much higher than the alpha, cut - 


^in = ••• (5.1) 

The nature of i/ariation of current amplifica.tion factor^^, 
a, for transistors is shown in Figure 5.2. a in the base cut 
off region is approximately determined hy the equation 


a. 


a = 


1+3 (^) 

a 


oc^ 


- D 


(5.2) 


z . 

in 


^ \ ('■-“P 3 


Substituting for a in equation (5.1) 

... (5.3) 

Thus R.j^ produces inductive part in the input impedence, 
provided the transistor is operated in the proper frequency 
range. 

The inductive transistor of Figure 5.1(a) can be rea,rr;:nged 
as shown in Figure 5.1(c), 

The latter arrangement can be viewed as an active two-port 
terminated in a resistance at the input port. Knowing a set of 
matrix parameters for the active two-port the output port immi- 
ttance circle for resistive termination at the input port may 
be plotted as explained in section 3.2.2 of Chapter 3. The 
maximum inductance , minimum inductance , maximum Q etc. realisa- 
ble from this simple circuit and the corresponding resistive 
terminations required may now be evaluated analytically from 
the formulae given in Table 3.2 or geometrically from the circle 
plot as explained in section 3.3.2 of Chapter 3. 


f.l r. KANPUR 
CENirut. 


.1^ ' lb..* . * : . .jM 
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5.3 Dutta Roy's Circuit: 

5.3.1 Theory; 

The circuit arrangement for realising high-Q inductance 
proposed hy Dutta Roy^^ is shown in Fig. 5.3(a). This may he 
looked upon as an inductive transistor T^ connected at the base 
of another' transistor T^. The inductive transistor T^ can he 
replaced hy its equivalent - lossy inductance - as shown in 
Figure 5.3(h). The input impedence, 2 ^, of the composite tran- 
sistor is given hy 

"‘in 3 3 

= C^e (^1 + ^h^ - “P - “1 i' 

+ D Cl-ap (R^ + ... (5.4) 

■ 

where primed quantities refer to transistor Tp. I 

' ■ i 

Thus hy choosing proper frequency and proper it is 
possible to reduce the resistive • part to zero or even to -ve value 
and thus increase the ’QV. \ 

5.3.2 Analysis and Resign: 

Rearrange^"^ Rutta Roy's circuit as a cascaded two-port of 

two common collector amplifiers terminated by a source conductance 

gg as shown in Figure 5*4. Transistor T^( includes bias resistances 

R^, Rg) has a source admittance gg while transistor Tg (includes 

bias resistances R,, R. ) sees a simulated sotirce admittance i 

, ^ ^ ' t 

g + g' + jb . g' and b^ are the real and imaginary parts of 

. ' ' ■ ' . '■ ' ... ' ■ ' '' . '■ ' . , ' ' 1 
■■■"' " ' f 
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output admittance of transistor I! ^ terminated in gg. For posi- 
tive g and gg, the simulated source admittance for transistor 

, t « , 

f 2 “ S + Sq + 3 Iq) is equivalent to a low Q inductance. (This 

makes the total self input admittance, ( = y^-] + yg) of 
transistor T 2 satisfy the conditions 

= Im (y^) < b^^ 

...(5.5) 

and g^ = Re (y^) > g^^ 

Hence the output port admittance, y^, of transistor 
changes due to this simulated low Q inductance at its input 
port. 


The 'output resistance circle* for transistor T 2 is 
governed by the equation 




( T h " *" ') * * ’ 


The centre of this 'output resistance circle* moves from C to 
C* along AC when the transistor T 2 is terminatedk by y ’g. Here 1 
corresponds to g 22 + 3^22* illustrated in figure 5.5. 

The radius AG = while the changed radius AC’ = . All 

data refer to transistor T 2 . 


The right choice of gg and g makes the new circle cut/ 
touch the imaginary axis at D where y^ = -3 (CD) = - . 0 is 

the origin of . icoordinatesjO) the angtilar frequency considered 
and the simtlLated inductance with infinite Q. 
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The equat-i.on for the new 'output resistance circle' 


of transistor is 


(§0 - P’)^+ (^o “ 


'n 2 ^ ^f 2 


where 


P 


I 


M 


®22 “ 2h ^ ’ “ ^22 ^ ~ 


... (5.7) 


... (5.8) 


For ( = jh^ = -j/uL^) to he purely inductive or for infinite 

M (bo-tgg) + Kggj 


O' " 'O 0 

Q inductance 


... (5.9) 


+ y 


22 1 


“ ^^0^22 


and the corresponding to fix the point 1 on the circle is 
given hy 

I^(^q“'^ 22^ — Mg22 


= g + go + g^1 


“Ng22 “^('5o~h22) 


. h^ ... (5.10) 


All data above refer to transistor T 2 . 


T 

The simulated. susceptive source termination hg = h^-b^^ 
for transistor T 2 given by Eqn. (5.9) comes from transistor T^ 
teiminated by gg. 

The real and Imaginary parts of output admittance for 
transistor T^ teminated in gg are given by the equations 


§0 " ^22 ^ 2 


Mg^ + Nb^^ 


... (5.11) 


and 


^0 “ ^22 


Si + 

Hg| - 


.. . (5.12) 


where g^ " ^11 
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Eor any gi-ven the te min at ion, gg, reauired may he evaluated 
from Eqn. (5. 12) . 

Thus gg can he chosen to provide the required inductance 
termination to transistor 

If gg is positive Eqn, (5.10) can he satisfied hy adding 
a positive or negative conductance g at its input port. Provi 
ded g is also positive the required inductance with infinite Q 
is directly realizable. This procedure is illustrated by an 
example. 

5.3.3 Example: 

Two type 2N428 transistors were chosen to operate at 

= 4mA, V = -4V and T = 300' °K. Their common collector y- 
e ce 

matrix parameters were measured (alongwith their hia,sing resis- 
tances) at 5 Iffiz on an admittance bridge. Measured parameters 
for transistors T^ and T^ are given below. 

D 2.36) mS 
3 2.23) mS 
3 15.5) mS 
3 15.2) mS 
3 118) yS^ 

3 2.1'1) ,mS 
3 1.95) mS 


Transistor T^ : 

y^^ = (9.10 + 

^12 = -(8.90 + 

>2^ = -(8.74 - 

J 22 ” (9*64 - 

He>^cey 12^21^^” (112 - 
Transistor T2: 

y^^ = (9.05 + 

^12 = -(©*^5 + 




I^ig. 5.4: l.C. equivalent of the circuit of Uutta Roy. 

RI5R2 and R^jR^ are biasing resistances of 
and Tg- ^or the test circuit R. and Rx each ^ 
equals 5. 1K in parallel with 56F while Ro and 
R4 each equals 10K. 



Pig. 5.5: Shifting of output port admittance circle h 
of transistor T 2 to realize point D — 0 - 

is the siiQulated inductance with 
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721 ^ -(10.7 - D 17.7) mS 

722 = (11.6-3 17.4) mS 

He-hce 7 ^ 2^21 ^"^29 - 3 136 ) y 

Let a 5VH inductance with infinite Q he required at the 
output port of transistor To. At 5 MHz its susceptance h =-6.37 mS. 
The susceptance needed at the input port of transistor T 2 is cal- 
culated from Eqn, (5.9) and transistor T 2 data. This susceptance, 

” ^1 ” ^11 ~ “2.73 mS. To simulate h^ = -2.73 mS at the output 
port of transistor T^ we need a suitable source termination gg 
which is given b 7 Eqn. (5.12) and transistor T^ data.gg = 1.80 mS." 
Substituting for gg in Eqn. (5.11) gives a simulated conductance 
g = 2.06 mS. Eqn. (5.10) with transistor To data, b^ = 

^ u O w 

= - 6.37 GiS, g^ = 0 mS gives a g^ of 2.62 mS. The extra conduc- 
tance g required at the intermediate port equals (2.62 - 2.06) 
mS or 0.56 mS. 

Thus gg at the input port equals 1,80 mS and g at the 
intermediate port equals 0.56 mS. At the output port an induc- 
tance of 51 * H with infinite Q is obtained. These results have 
been verified experiment all 7 . 

5.4 An Alternative Circuit Arrangement: 

The inductive transistor circuit providing loss 7 inductance 
termination for transistor T 2 in Eig, 5 . 44 ' ma 7 be replaced b 7 a 
reactance transistor circuit as shown in Figure 5. 6 . 

The inductance termination required at the input port of 
transistor Tg can he realised b 7 adopting the design procedure 
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outlined in section 4«2,3 of Chapter 4. This circuit ainrangement 
is more flexible than Dutta Roy’s circuit as there is one more 
variable available for controlling the output port admittance 
of transistor T^ which in turn controls the output port admittance 



Pig. 5.6; in a. c. equivalent of the alternative 
circuit arrangement for realising high 
Q inductance. 
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of traxisistor Tg. is confiimed by the results tabulated 

in Table 5.1. Tor the same value of simulated inductance, 
the reactive transistor of fig. 5.6 provides a higher Q than 
the inductive transistor T^ of Pig, 5,4. 

Table 5.2 summarizes the values of components required for 
given output inductance with infinite Q for the circuit 5.4 of 
Dutta Roy employing an inductive transistor T^ and the modified 
circuit 5.6 employing a reactive transistor T^. It can be seen 
that values of inductance beyond upto 9 |a.H are obtainable 

only with the modified circuit of Pig. 5.6, The results are 
not very striking because transistor type 2N 428 used for simulat 
ing inductance at 5 MHz has a cut off of only 17 MHz. 

When transistor type AP H? with a cut off frequency of 
75 MHz replaces transistor type 21T 428, the circuit of Dutta Roy 
does not realize an inductance with infinite Q of even 1 f^H value 
The modified circuit can realize upto 7|^'H. The required, values 
of components for realising various values of inductance are 
summarized in Table 5.3. 



Compaidaon of Q •values of simulated inductajace for Inductive and reactive 
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CHIPTER 6 


COICLUSIOIS 

Stability, power gain and sensitivity or the interaction 
between ports are simply related to the port immittance circles. 
Thus port imniittance circles are useful in the study of basic 
properties of active two-ports. 

The technique presented for the measurement of stability 

factor is very useful in the design of tuned amplifiers. The 

maximum modulus of sensitivity for small immittance changes and 

large reactive changes is also useful in the design of tuned 

amplifiers, as it specifies the interaction between ports while 

29 

the tuning is carried out. / 

Input/output port resistance/reactance circles ccra be 
drawn by measuring the input/output port immittance for three con- 
venient re sistance/reactanee terminations at the opposite port. 
Drawing the port immittance circles for a three terminal device 
at its input and output p»rts, in all the three con f igxir at ions, 
it is possible to know the potentialitiesofthedeviceinrea- 
lisihg driving point negative-resistance, inductance etc. The 
type of feed back component and the type of termination to he 
provided for realising required driving point immittance can 
also be inferred from these circles, for example, studies on 
transistor in its three configurations suggest - i) capacitive 
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termination at input port reflects inductive reactance at output 
port in common emitter configuration, ii) resistive termination 
at input port in common collector configuration reflects induc- 
tive reactance at output port iii) inductance termination at 
input port in common collector configuration reflects inductive 
reactance and negative resistance at output port. Combination 
of (i) and (ii) yields the reactance transistor circuit, (ii) the 
inductive transistor circuit; and combination of (ii) and (iii) 
yields Dutta Roy's circuit. 

The modified reactance transistor circuit of Jindal and 
the Darlington pair connection suggested by Dutta Roy can realise 
inductances with very high Q. Ror Dutta Roy's circuit the operat 
ing frequency should fall in the frequency band in which the t ran 
sistor is potentially unstable in its common collector configura- 
tion. This restriction is not there for Jindal's circuit. Tnus 
Jindal 's circuit is less dependent on the device properties for 
its operation than Dutta Roy's circuit. 

Both Jindal's and Dutta Roy's circuit configurations are 
sensitive to temperature^^’^^. This draw back, however, may bo 
over come by the use of EETs which are less sensitive to tempe- 

^ 48 

nature .■ 

The design procedures presented are completely general 
in terms bf two— port matrix parameters. Hence, these proce- 
dures can be applied to design circuits for simulating induc- 
tances using RBTs*- Similar circuit configurations can be 
employed. ; i ^ 
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The recent trend is to simulate inductance hy means of 
impedence convertors, gyrators'^^ and unity gain amplifiers. 
Excellent results have been repo2?ted. But the circuitry is 
rather complex. 
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